The urease inhibitor NBPT(N-(n-butyl) thiophosphoric triamide) is a management alternative to increase urea efficiency in topdressing because it reduces NH3 volatilization. The objective of this study was to evaluate N recovery and yield performance of wheat (Triticum aestivum L.) 'BRS 254' fertilized with different urea or urea + NBPT rates in topdressing. The experiment was conducted from May to September 2007 in Viçosa, Minas Gerais, Brazil. Treatments followed a 5 × 2 + 1 factorial design consisting of five N fertilizer rates (30, 60, 90, 120, and 150 kg ha -1 ) as urea or urea + NBPT (Agrotain ® ) applied as topdressing and a control without N. The experiment was a randomized complete block design with four replicates. Adding NBPT to urea resulted in better N utilization by wheat plants. The 100 kg N ha -1 topdressing rate provided the best apparent N recovery by wheat plants, whereas 90 kg ha -1 provided the best N use efficiency.
INTRODUCTION
Urea is the main form of N fertilizer used in agriculture due to its high N concentration (45%), which allows low cost transportation and application, high solubility, low corrosivity, and ease of mixing with other sources.
When applied to the soil, urea is subjected to urease enzyme activity (Malhi et al., 2001) , which is found in plants, bacteria, fungi, algae, and invertebrates. It exerts a single catalytic functional though there are different protein structures and hydrolysis of urea produces ammonia and carbonic acid (Krajewska, 2009) . Ammonia produced in the reaction can be lost to the atmosphere mainly when it is close to the soil surface (Malhi et al., 2001) . Therefore, urea applied to the soil is subjected to N loss by NH3 volatilization (Gioacchini et al., 2002; Costa et al., 2003; Martha Jr. et al., 2004; Vitti et al., 2007) .
Losses by volatilization increase with factors that increase evaporation, such as high air and soil temperatures and strong winds. Urea-based fertilizer used under mild temperature conditions, light winds, and good probability of rain tends to reduce NH3 volatilization (Malhi et al., 2001) .
Using urease activity inhibitors can be a management alternative to increase urea efficiency on the surface by reducing volatilization (Grant and Bailey, 1999) . Among these inhibitors, NBPT (N-(n-butyl) thiophosphoric triamide) has been reported to be promising in reducing NH3 volatilization in crops such as sugar cane without straw removal by burning (Cantarella et al., 2008) , wheat (Gioacchini et al., 2002) , barley (Hordeum vulgare L.), and durum wheat (Triticum durum L.) (Malhi et al., 2001) .
Nitrogen rates can influence agronomic characteristics and yield components of wheat plants in different ways. Lopes-Bellido et al. (2004) report an exponential increase for the yield of wheat grains subjected to variations from 0 to 300 kg N ha -1 . Espindula et al. (2009) found quadratic responses of grain yield for rates that varied from 30 to 150 kg ha -1 . Espindula et al. (2011) reported higher grain yield of wheat 'Pioneiro' (adapted to Brazilian Savanna) with 100 kg N ha -1 in the same soil and similar climatic conditions. Corroborating these results, Espindula et al. (2010) reported maximum grain yield with 96.8 kg N ha -1 with the same cultivar. These authors found yields of 4800 and 5000 kg ha -1 (Espindula et al., 2011) . In Brazilian Savanna conditions, Trindade et al. (2006) report a maximum grain yield of 5 733 kg ha -1 (maximum technical efficiency) with 73 kg N ha -1 (economic rate). The study of N rates using urea with urease inhibitor becomes even more important because there may be an interaction of the effects besides the isolated effects. The inhibitor can produce NH3 volatilization due to its activity on urease (Manunza et al., 1999) , while the high urea concentration can saturate the sites of urease action (Longo and Melo, 2005) ; this retards urea hydrolysis and reduces losses by volatilization. However, rates can also excessively increase surface pH and promote volatilization (Rodrigues and Kiehl, 1992) . The isolated effects or the combination of effects can eventually promote different responses in production components and wheat plant grain yield.
The aim of the present study was to evaluate N recovery and productive performance of wheat 'BRS 254' subjected to rates of urea or urea + NBPT applied for topdressing wheat.
MATERIALS AND METHODS
The experiment was conducted at the Estação Experimental Prof. Diogo Alves de Mello of the Universidade Federal de Viçosa (UFV) in Viçosa, (20º45' S, 42º51' W; 650 m.a.s.l.), Minas Gerais, Brazil from May to September 2007. Daily data of maximum, average, and minimum temperatures, relative air humidity, wind speed, and rainfall were provided by the main weather station of the Agricultural Engineering Department of the UFV during the experimental period (Figure 1) .
The soil of the experimental area is an Oxisol which has been used for cultivation of soybean (summer) and wheat (winter) in the last few years. The chemical characteristics of this soil were determined at a 0 to 20 cm depth (Table 1) .
Soil was prepared by plowing along with two harrowing procedures, and sowing fertilization was 250 kg ha -1 of the commercial 08-28-16 formula. Seed density of wheat 'BRS 254' was 350 useful seeds per square meter sown with a suitable seeding machine for experimental plots. In accordance with technical recommendations for wheat in central Brazil, it was not necessary to apply lime (EMBRAPA, 2005) . Topdressing fertilization (treatment discrimination) was carried out 10 d after seedling emergence when plants were at the early tillering stage. Soil moisture was at 25% field capacity at the time of topdressing fertilization. The experiment was irrigated 7 d after topdressing fertilization with a conventional fixed sprinkler system applying water to a depth of 20 mm.
The experiment was arranged in a 5 × 2 + 1 factorial design applying five N rates in topdressing, that is, 30, 60, 90, 120, and 150 kg N ha -1 as urea or urea+NBPT (N-(n-butyl)thiophosphoric triamide) (Agrotain ® , Koch Agronomic Services, Wichita, Kansas, USA) and one control without N for topdressing. A randomized block experimental design was used with four replicates. Each plot consisted of eight rows 5 min length and with 0.2 m row spacing. The plot area (3.2 m 2 ) consisted of four central rows in which 0.5 m were eliminated at both ends of the rows.
Contents of N were determined in the vegetative aerial part of the plant and in grains during harvest. Thus, 100 stalks were sequentially harvested close to the ground in the central row of the plot. Grains were separated from the vegetative part of the plants by manual ear threshing. Grains and vegetative parts were then dried in a greenhouse with forced-air ventilation until constant mass was achieved and their dry masses were determined. N content was achieved by the Kjeldahl method. N contents in the total and vegetative aerial part and in grains were then determined by multiplying the contents of each organ by their respective dry mass.
Apparent nitrogen recovery (ANR) and N use efficiency (NUE) (López-Bellido et al., 2005) were also evaluated. ANR was achieved by the indirect method by considering that the quantity of N in the control represented soil N (natural) and was applied as sowing fertilization. The difference in the quantity of N in the control in relation to the treatments represents N from fertilizer for topdressing according to the following equation:
Nitrogen use efficiency was determined by the ratio between the quantity of grains produced (at 13% humidity) and the quantity of N applied according to the equation:
Besides the previously mentioned characteristics, the following agronomic aspects were also evaluated: plant height, number of grains per ear, shoot dry mass, harvest index, 1000 grain weight, hectoliter mass, number of ears per square meter, and grain yield.
Plant height was determined by randomly evaluating15 plants per plot; measurements were from the collar to the apex of the ear and excluded awns. The number of grains per ear, shoot dry mass, and harvest index were determined in 100 stalks sequentially collected from the plot's central row. The 1000 grain weight was determined by averaging eight replicates of 100 grains each. Hectoliter mass was determined with a specific scale and from grains collected from the plot. The number of ears per square meter was determined by direct counting three random row segments of 1 m in the plot. Grain yield (at 13% humidity) was determined based on grains harvested from the plot and converted into kg ha -1 . Data were subjected to ANOVA (p ≤ 0.05). Treatment means with urea or urea+NBPT were compared by Tukey's test (p ≤ 0.05), moreover, means were contrasted with the control by Dunnett's test (p ≤ 0.05). The effects of the rates were studied by regression analyses in which mathematical models were chosen according to the equations with better adjustments, confirmed by the highest values of the coefficients of determination (R 2 ), and by the significance of regression coefficients and F-test (p ≤ 0.10). The significance of the coefficients are shown in the equations by * (p ≤ 0.10) and ** (p ≤ 0.05).
RESULTS AND DISCUSSION
The evaluated characteristics were not affected by the interaction of factors, with the exception of grain yield and grain N content. Therefore, only these two traits exhibited statistical analysis unfolding. Only the simple effects of the factors were shown for the other characteristics (Table 2) .
Treatments did not differ from the control for harvest index, number of ears per square meter (from urea), grain Quantity of N applied ANR (%) = yield, and grain N content (both from urea at 30 kg ha -1 rate). These results suggest that topdressing fertilization promotes significant increases in the vegetative and yield components. Urea and urea+NBPT exhibited similar plant heights, number of ears per square meter, 1000 grain weights, and harvest indexes. The number of grains per ear, mass per hectoliter, and plant shoot dry mass that received urea+NBPT were higher than those fertilized with urea (Table 3) . Although there was no difference for some characteristics, results suggest higher N recovery by plants that received urea + NBPT.
Plants fertilized with urea+NBPT had higher total shoot N accumulation (TSNA), ANR, and NUE than plants that received only urea. Urea and urea+NBPT treatments exhibited similar shoot N content (SNC), grain N content (GN), and shoot N accumulation (SNA) ( Table 4) . Results indicate that wheat plants that received urea+NBPT had higher N recovery because NBPT minimizes NH3 volatilization (Gioacchini et al., 2002); it therefore promotes higher N availability in the soil for plant absorption. Grain yield of the plants fertilized with urea+NBPT was higher than for those that received only urea at the 90 and 120 kg N ha -1 rates (Table 5 ). This result reflects the higher number of grains per ear and hectoliter mass observed in the urea+NBPT treatment ( Table 3 ) and indicates that this treatment promoted higher plant N availability at these rates. Increased grain yield for maize (Zea mays L.) was also observed when using NBPT with urea (Chien et al., 2009 ). The increase reported by these authors was only 351 kg ha -1 , which indicates that gains stimulated by urease inhibitors may be small.
Similar to what occurred with grain yield, grain N accumulation at the 60, 90, and 120 kg ha -1 rates was higher when plants received urea+NBPT (Table 5 ). This behavior reflects a higher grain yield since grain N content did not vary significantly with the fertilizers under study (Table 4 ).
The N rates promoted a linear increase in plant height and shoot dry mass (Figures 2A and 2E) , a quadratic response in the number of grains per ear ( Figure 2B ), and linear decreases in 1000 grain weight and mass per hectoliter ( Figure 2C and 2D) .
Height and shoot dry mass increase because N contributes to plant vegetative growth, thus affecting the rates of leaf emergence and expansion, final leaf size, and stem elongation in cereals (Schröder et al., 2000) . Increases in the vegetative characteristics are beneficial because they represent reserves that will be used during grain filling.
The increase in the number of grains per ear is similar to that reported for wheat in the same location (Espindula et al., 2010) and for rice (Oryza sativa L.) (Buzetti et al., 2006) since higher N rates promote higher vegetative vigor in the differentiation stage of the reproductive meristem, which results in a higher quantity of differentiated flowers. The quadratic response is associated to reaching the cultivar's maximum genetic potential.
The reduction in 1000 grain weight and hectoliter mass is similar to the results reported for wheat (Marino et al., 2009 ). This behavior is mainly due to the compensatory effect between the number of grains and grain mass. In other words, the increase in number of grains per ear ( Figure 2B ) reduces grain mass and mass per hectoliter.
Grain yield increased linearly with the urea rates and responded in a quadratic way with the urea + NBPT rates ( Figure 2F ). The maximum yield point for the urea+NBPT treatment was 4400 kg ha -1 , which was achieved with 118 kg N ha -1 . Increased grain yields are associated to higher N absorption (Figure 3) , higher values of vegetative growth (Figures 2A and 2E) , and number of grains per ear ( Figure  2B) . The difference between the behavior of urea and urea+NBPT is due to N availability. For the urea+NBPT treatment, rates promoted increases up to the maximum yield (achieved with 118 kg N ha -1 ) after which there was a decrease due to genetic limitations and excessive vegetative growth (Espindula et al., 2009 ). On the other hand, plants that received only urea did not exhibit a maximum yield until reaching the 150 kg N ha -1 rate because they presented a linear increase in grain yield. This difference is related to N losses by NH3 volatilization. Nitrogen content in shoot, grain, vegetative shoot, and total aerial part increased linearly with increased N rates. Grain N content increased linearly with the N rates for urea and exhibited a quadratic variation for urea+NBPT (Figure 3) .
Nitrogen contents increased due to the increase in the availability of this nutrient in the soil and results agree with those reported in the literature (Kolchinski and Schuch, 2003; Lopez-Bellido et al., 2004; Sepaskhah and Hosseini, 2008; Marino et al., 2009 ). However, increased N content in the mass of the vegetative and total aerial parts is due to both the increased content and increased mass of the aerial part and grain yield. Similarly, results for grain N content reflect the behavior of grain yield and suggest increased nutrient export by the grains when applied N rates are higher. Apparent nitrogen recovery (ANR) showed a quadratic variation with increased N rates and a maximum point of 58%, which was achieved by applying 101 kg N ha -1 ( Figure 4A ). Apparent N recovery measures plant efficiency to recover the nutrient applied to the soil (Good et al., 2004) ; results indicate that plants satisfactorily absorb N provided by fertilization up to the rate of ≈ 100 kg ha -1 after which the nutrient is not properly utilized and higher rates are not recommended. Reduced ANR was also found when the 90 and 180 kg ha -1 rates were used in wheat plants (Sepaskhah and Hosseini, 2008) .
Nitrogen use efficiency showed a quadratic variance with increased N rates with a maximum point of 18 kg grain kg -1 N supplied, which was achieved by applying 90 kg N ha -1 ( Figure 4B ). Decreased NUE was also achieved for white oat subjected to N rates by measuring absorption efficiency, remobilization, and fertilization (Kolchinski and Schuch, 2003) . Nitrogen use efficiency reflects the quantity of grains produced per unit of N supplied (Good et al., 2004) . Therefore, the results found in this study suggest that plants do not use this nutrient efficiently under high N rates because plants invest excessively in vegetative structures and do not efficiently remobilize this nutrient to the grains at the filling stage above a certain level of N supply; this phenomenon is known as luxury consumption.
CONCLUSIONS
Adding urease inhibitor NBPT together with urea allows higher N uptake by wheat 'BRS 254' plants as well as higher grain yield.
The 100 kg N ha -1 rate allows the best apparent N recovery and the 90 kg ha -1 rate provides the best N use efficiency by wheat 'BRS 254'plants.
